Impaired lymphatic drainage in human limbs causes the debilitating swelling termed lymphoedema. In mammals, known growth factors involved in the control of lymphangiogenesis (growth of new lymph vessels) are vascular endothelial growth factors-C and -D (VEGF-C/D).
flap transfer), lymphoedema does not occur because there is lymphatic communication around the periphery of the flap (4, 5) . However, we understand little about the process of lymphangiogenesis because there are no adequate models for exploring the processes involved in the regeneration of lymph vessels.
Tail autotomy is achieved in the Australian gecko lizard, Christinus marmoratus, by the active contraction of the caudal muscles. The tail can be shed voluntarily at the fracture plane, which bisects each vertebra (6, 7) . Once the tail is lost, a new complex tail is regenerated, capable of coordinated muscle contraction (8) (9) (10) (11) . Regeneration is initiated from the blastema, which consists of several cell types, including fibroblasts, cells of skeletal or muscle tissue, Schwann cells, and vascular endothelial cells (6, 12) . During regeneration from the lizard blastema, each new tissue derives from the preexisting tissue cell in the stump (6) . These cells undergo dedifferentiation, reentry into the cell cycle, and then rapid proliferation (12, 13) . Limbregenerating models are used to study blastema formation and the biochemical regulation of tissue regeneration in vitro (12, 14) . However, the functional events or cellular morphology, which characterizes lymphangiogenesis during limb/tail regeneration, have never been studied. Moreover, lymphatic endothelial cells have not been identified in the developing blastema. Although it is unclear whether the original lymphatic vessels are restored in a regenerating lizard tail, the tail never appears lymphedematous. Therefore, the reactivation of mechanisms for draining tissue fluids, either by creating new lymphatic vessels or extending existing vessels, is a crucial component of the tail regeneration process.
The two vascular endothelial growth factor (VEGF) proteins, VEGF-C (15) and VEGF-D (16) , have lymphangiogenic activity in mammals (15, 17) . These proteins form a subfamily of the VEGF family and are characterized by a highly conserved central VEGF homology domain, flanked on either side by propeptides (18, 19) . Here we characterize tail regeneration by describing the formation and function of new lymphatics and identify growth factors involved in the control of lymphangiogenesis. We demonstrate that VEGF-like molecule(s) exist in the gecko and that they may have important roles in regulating lymphatic vessel formation throughout tail regeneration.
Understanding the basic principles behind lymphangiogenesis in a tail-regeneration model may improve our understanding of differing types of tissue regeneration in humans and provide insights into why regeneration of a complete lymphatic network does not occur naturally in humans. Regenerating lizard tails are potentially useful models for studying the molecular basis of lymphangiogenesis with a view to developing possible treatments for human lymphoedema.
METHODS

Animals
C. marmoratus were collected in South Australia and housed at 27 ± 1°C on a 14:10 h light-dark cycle and fed two to three times per week. Tails were removed by applying bilateral pressure 5 mm from the cloacae. This ensured five to eight vertebral fracture planes remain rostral to the autotomy site. After the specified regeneration period was completed (3, 6, 9, 12, 15, or 18 wk), tissue was collected by repeated autotomy. These regenerates were compared with original tails and fully regenerated tails (>24 wk old).
Histology
As markers for lizard lymphatic vessels are not available, we used histological analysis to visualize and count lymphatic and blood vessels. Longitudinal sections (7 µm) of tails from three animals per regeneration group were stained with Harris's hematoxylin and eosin (H&E). Lymphatic vessels were identified as clear, empty vessels with very fine endothelial wall structure and were clearly distinguishable from blood vessels by the lack of red blood cells. Nucleated red blood cells in lizards are very easily detectable as large eosinophilic cells by H&E staining. Images of 1.2 mm 2 area (5-14) were viewed (Olympus BX51) and captured with a Panasonic (KR222E) video camera using VideoPro 32 software for all experimental groups. Location of images was standardized to the central third of the regenerating tail between the cartilage tube and the epidermal layer. Blood and lymphatic vessels were identified and counted using a double-blind procedure. From the same images, lymphatic vessel diameter was determined by measuring the width (averaged over 3-10 points depending on the length of the vessel) of each vessel per 1.2 mm 2 image against a calibrated scale. Data are based on the following number of vessels: original tails (n=63), 3 (n=65), 6 (n=52), 9 (n=75), 12 (n=41), 15 (n=34), and 18 wk regenerates (n=53) and full regenerates (n=26).
Lymphatic function
Lymph velocity was measured in geckos with original tails, fully regenerated tails, and regenerating tails at 3 wk intervals up to 18 wk after autotomy. This parameter was measured using lymphoscintigraphy, a technique previously used in the large nonautotomous agamid lizard Pogona vitticeps (20) . In this larger species, subdermal administration of a radiocolloid is specifically transported along the lymphatics with delayed entry into the bloodstream at the cloacal plexus. For a review on reptilian lymphatic structure, the reader is referred to Ottaviani and Tazzi (21) . An intravenous injection shows heart and higher level liver activity. This radiocolloid transit pattern was also observed in the gecko. Typically, radioactive 99m Tcantimony trisulphide (ATC, 1.5 MBq/20 µl) was administered subdermally into a gecko tail ~70% of the distance from the vent to the tip of the tail, and whole body scintigraphic images were obtained using a scintillation camera (General Electric Medical Systems). Lymph velocity (mm/min) was calculated as the distance of ATC migration from injection site to cloaca (adjacent to site of drainage into blood circulation), divided by time since injection. The percent rate of disappearance of tracer from the injection site region at 15 min intervals up to 60 min after injection was calculated (only 60 min data shown). The number of experiments performed on each experimental group was as follows: original tails (n=5), 3 (n=6 for %migration; n=10 for lymph velocity), 6 (n=3), 9 (n=5), 12 (n=5), 15 (n=6), and 18 wk regenerates (n=5) and full regenerates (n=5).
Western blot analysis
Cytosolic tissue extracts from 3 (n=18), 6 (n=18), 9 (n=12), 12 (n=12), 15 (n=6), and 18 wk (n=6) regenerated tails, as well as original (n=5) and fully regenerated (n=5) tails, were prepared using a standard cytosol buffer (10 mM Tris-HCl, pH 7.4, 1.5 mM EDTA, 10 mM sodium molybdate, 1 mM dithiothreitol, 10% (v/v) glycerol) and 40 µl/ml of protease inhibitors [2 mM phenylmethylsulfonyl fluoride, 0.001% (v/v) leupeptin, 10 mM benzamidine, 10 mM β-mercaptoethanol]. Equal amounts of total protein [20 assay (22)] were subjected to 12% SDS-PAGE. Protein was blotted onto nitrocellulose and probed with anti-human VEGF-C primary antiserum [VEGF-C (C-20); 1:5000 dilution; Santa Cruz Biotechnology] and anti-goat IgG (1:2000 dilution) as the secondary antibody (Calbiochem). The primary antibody was raised to a polypeptide sequence of 20 amino acids of the carboxy terminus of human VEGF-C. Immunopositive peptides were detected by reacting the membranes with luminol (Roche) and exposing them to Omat autoradiographic film (Kodak) for 2 min. The film was processed manually with Kodak GBX developer (2 min), fixer, and replenisher reagents (2 min). The positive control included conditioned medium from the human prostate cancer cell line LNCaP (20 µg total protein), which is known to express VEGF proteins (23) . Specificity of the immunoreactive bands detected by the VEGF-C (C-20) antibody was determined by preabsorption of the antibody with an immunogenic blocking peptide (Santa Cruz Biotechnology) homologous to the VEGF-C epitope. The relative density of immunoreactive bands was measured using laser densitometry (LKB UltroScan XL) and expressed as relative absorbance units.
RESULTS
Morphology and histology
Images of the original tail and of the blastema, which forms after autotomy are shown in Fig. 1a , b. After controlled autotomy of the tails, regenerates were sampled 3, 6, 9, 12, 15, and 18 wk later (Fig. 1c-h ). After 6 wk of regeneration the animals readily underwent repeat autotomy from the fracture site, indicating that coordinated muscle contraction was present. Nine weeks after tail regeneration commenced, the rate of tail growth dramatically slowed and tails appeared complete (Fig. 1j) . Histological sections of original, partial, and fully regenerated tails are shown in Fig. 2 . Original tails have a dense connective tissue band, rich in adipose tissue, surrounding the central spinal cord. The spine is sheathed with a thick layer of highly organized longitudinal muscle bundles. An organized network of densely packed lymphatic vessels exists in the connective tissue between the muscle bands and dermal layer, as well as in the central connective tissue band (Fig. 2a, b) . Regenerated tails have a central cartilage tube (Fig. 2e ) as opposed to vertebrae (Fig. 2b) . Throughout the regeneration process, the size, density, and level of organization of the longitudinal muscle bands increase, as does the extent of connective and adipose tissue (Fig. 2c-i) . Image analyses demonstrated that original tails have a greater number (Student Newman Keuls multiple comparison test, P<0.05) of wider (P<0.01) lymphatic vessels than full regenerates (Fig. 3a, b) . Three weeks after autotomy the regenerating tail contains a smaller number (P<0.01) of wide lymphatic vessels compared with original tails (Fig. 3a, b) . The number of lymphatic (P<0.01) and blood vessels (P<0.05) increase significantly between 3 and 6 wk of regeneration. The number of blood vessels far exceeds (>5-fold) that of lymphatic vessels at every stage (Fig. 3a) . Lymphatic vessel diameter decreases substantially from 21 to 12 µm (P<0.001) between 3 and 6 wk of regeneration (Fig. 3b) . Although the diameter of lymphatic vessels in fully regenerated tails is significantly smaller than those in original tails (P<0.01), an organized lymphatic network is apparent.
Lymphatic function
The 5 min whole body lymphoscintigraphic image of geckos with original tails shows a faster migration of the tracer along the ventral trunk compared with geckos with fully regenerated tails (Fig. 4a) . By 60 min, the tracer has entered the blood circulation at the cloacal plexus in original and fully regenerated tails. However, it has localized with greater intensity in the heart and liver in geckos with original tails. Original tails have significantly faster lymph velocity (Dunnett, P<0.01) than comparably sized fully regenerated tails (Fig. 4b) . Similarly, radiocolloid migration after 60 min (Fig. 4c) is significantly greater in original tails compared with regenerated tails at all time points (Dunnett, P<0.05).
Western blot analysis
Western blot analysis, using a human, mouse, and rat reactive VEGF-C antibody, indicated the presence of a lizard protein, with homology to mammalian VEGF-C. Two immunogenic peptides (sized 58 and 43 kDa) were identified (Fig. 5a ). Absorbance analysis of relative quantities of the 43 kDa peptide demonstrated that reptilian VEGF-C (rVEGF-C) has a basal level of expression in tissue with functional lymphatics in both original and fully regenerated tails (Fig. 5b) . After the complete disruption of the lymphatics after autotomy, rVEGF-C protein expression in the regenerating stump was undetectable at 3 wk (Fig. 5a , lane 2) but increased at 6 wk to peak at 9 and 12 wk after regeneration commenced (Fig. 5b) . Levels at 9, 12, and 15 wk were significantly up-regulated over basal levels in original tails (Dunnett, P<0.05) (Fig. 5b) .
DISCUSSION
We have demonstrated that the major growth phase of the tail occurs between 3 and 9 wk after autotomy and that regeneration of tail tissue was substantially completed after 9 wk. This matches previous studies, which have shown that under warm conditions, the major growth phase during lizard tail regeneration begins 2-3 wk after autotomy (6) . The major proliferative phase of lymphangiogenesis appeared to occur between 3 and 6 wk of regeneration. Angiogenesis preceded lymphangiogenesis, and there was an 11:1 ratio of blood to lymph vessels 3 wk after autotomy. At 3 wk, there was a very small number of very wide diameter lymph vessels. Hence, it appears that lymphatic regeneration proceeds in the first 3 wk via the formation of a few large lymphatic vessels located within the central connective tissue band of the lizard tail, which subsequently proliferate into a network of subdermal small diameter lymph vessels.
Using lymphoscintigraphy, we demonstrated that original tails had a faster lymph velocity and greater lymph migration than regenerate tails at all time points. The greater migration is most likely related to the greater number of larger lymphatic vessels in original tails compared with full regenerates. Greater lymph velocity, on the other hand, may be related to the more developed muscle bundles in the original tail, which may act to propel lymph fluid more efficiently. Although we are unable to establish the extent of lymphatic function in 3 wk regenerates (see Fig. 4 ), lymphatic velocity and percent migration of radiocolloid were measurable in 6 wk regenerates. These parameters remained unchanged for the remainder of the growth period and confirm the presence of a functionally identical lymphatic network after 6 wk. and represent the unprocessed form (58 kDa) and a partially processed form, both of which contain the VEGF homology domain and the carboxy-terminal propeptide (43 kDa). Although the Western blot identifies VEGF-C, it is possible that the detected protein species has homology to both VEGF-C and VEGF-D molecules or that only one such molecule exists in the reptile, which is functionally related to both VEGF-C and VEGF-D. Until further characterization is undertaken, the reptilian molecule is best described as a VEGF-C/D homologue and termed rVEGF-C/D.
In the 3 wk after autotomy, rVEGF-C/D was not detectable in the regenerated tail tissue. Hence, there appears to be a lag time before lymphangiogenesis is triggered. rVEGF-C/D expression increased dramatically between 3 and 6 wk after autotomy and was significantly up-regulated above levels in original tails at 9, 12, and 15 wk. Preliminary studies using RT-PCR with degenerate oligonucleotide primers to VEGF-C specific sequences demonstrated the presence of mRNA at 6, 9, and 18 wk of regeneration, with maximal expression at 6 wk (data not shown). The up-regulation of rVEGF-C/D correlated with the increase in lymph vessel formation, which was seen between 3 and 6 wk of regeneration. This temporal delay in lymphatic proliferation may reflect an inherently preprogrammed sequence of regeneration events. Alternatively, the major phase of lymphatic proliferation may be triggered by a physical parameter such as an increase in interstitial fluid pressure. It is also possible that the up-regulation in the number of rVEGF-C receptors is delayed.
How lymphangiogenesis is promoted in the 3 to 6 wk period is unknown, but this period may hold the key to establishing complete lymphangiogenesis in humans where lymphatic vessels are damaged or absent. This natural tail-regenerating model capable of rapidly regenerating a functional lymphatic system allows the study of the molecular mechanisms responsible for creating a functional lymphatic system. This model has the advantage of being a natural in vivo repair system, involving many tissues. With the use of this model, it may eventually be possible to determine why only transient lymphangiogenesis occurs in humans throughout wound healing. wk, e) 9 wk, f) 12 wk, g) 15 wk, and h) 18 wk after tail autotomy and i) after full regeneration (>24 wk). Scale bar = 1 cm. j) Rate of tail growth. Stump (partial regenerate) length expressed as a percentage of 18 wk regenerate length is plotted against regeneration time (wk). Data are means ± SE (3 wk: n=18; 6 wk: n=18; 9 wk: n=12; 12 wk: n=12; 15 wk: n=12; 18 wk: n=6). In the connective tissue surrounding the vertebrae are numerous blood vessels (arrowheads) and lymphatic vessels (arrows). c) In fully regenerated tails, a dense network of lymphatic vessels immediately beneath the dermis has been established, as well as extensive muscle bands. d) After 3 wk of tail regeneration, large lymphatic vessels can be seen together with numerous small blood vessels and centrally located developing muscle bundles; e) after 6 wk of tail regeneration, muscle bands are more differentiated forming a dense layer beneath the dermis, with loose connective tissue, containing many blood vessels, on either side of the central cartilage tube (C). Numerous lymphatic vessels are seen in the connective tissue beneath the dermis. f, g) Nine and twelve weeks after regeneration there is a large deposition of adipose tissue (A) in the connective tissue surrounding the cartilage tube, dispersed with blood and lymphatic vessels. h, i) After 15 and 18 wk many small lymphatic vessels are evident beneath the dermis. Muscle bands become thicker. All sections were taken in the central third portion of the regenerate; d and i are orientated with the apical tip of the regenerating tail toward the top of the image; e and h are orientated with the apical tip of the regenerating tail to the left side and the fracture plane to the right. b) The lymph velocity (mm/min) measured in geckos with original (OT) and fully regenerated (FR) tails and in tails 6 to 18 wk after autotomy. c) Percent migration of ATC from the injection site after 60 min in geckos with original and fully regenerated tails and in tails 6 to 18 wk after autotomy. All data are means ± SE. Comparisons of experimental groups were performed using ANOVA (b: P<0.0003; c: P<0.0001), followed by Dunnett multiple comparison tests using the original tail group as the statistical control (P<0.05). Geckos with original tails had a significantly faster lymph velocity (*Dunnett, P<0.01) and greater percent migration (*Dunnett, P<0.05) than geckos with fully regenerated tails or at any stage during the monitored tail regeneration process. A back-flow of blood at the injection site in the 3 wk group may have been due to trauma of friable tissues and difficulty in injecting the very small volume of regenerating tissue. Thus the 3 wk group may not represent pure lymphatic transport, and the data are not included on the graphs. probed using VEGF-C polyclonal primary antibody (1:5000 dilution) and anti-goat IgG (1:2000 dilution) as the secondary antibody. Polypeptides were detected by reacting the membranes with luminol and exposing to Omat autoradiographic film (Kodak) for 2 min. Molecular weight markers (kDa) are marked to the left. Each lane was loaded with cytosolic extract (20 µg protein) from tail tissue after either 3, 6, 9, 12, 15, or 18 wk (wk) of regeneration and from original (OT) and fully regenerated (FR) tails. Positive (+ve) control: 20 µg of protein from cell conditioned media from the prostate tumor cancer cell line LNCaP; negative (-ve) control: VEGF-C primary antiserum blocked by incubating with a 20-fold excess of specific immunogenic peptide (Santa Cruz). Unprocessed (58 kDa) and partially processed (43 kDa) rVEGF-C/D polypeptides are shown on the right (arrows). b) Relative amounts of rVEGF-C/D (43 kDa peptide) present in Western blots during the regeneration period and in original and fully regenerated tails (means±SE; n=5). All groups were compared with an ANOVA (P<0.0001), followed by Dunnett multiple comparison tests. rVEGF-C/D is not detectable up to 3 wk following regeneration (#Dunnett, P<0.01 compared with all groups, using the 3 wk group as the control). rVEGF-C/D is upregulated during the regeneration process compared with levels in the original tails and at 9, 12, and 15 wk of regeneration (*Dunnett, P<0.05, using original tails as the control). 
